Introduction
The potential relevance of lakes to the global carbon (C) budget has received attention recently with the realization that lakes form an important component of the terrestrial C cycle (Algesten et al., 2004; Cole et al., 2007; Downing et al., 2008) . Estimates of the rate of global C burial by lakes suggest burial rates ranging from 0.03 to 0.07 Pg C yr −1 (Cole et al., 2007) . A determination of the total C stored in lake sediments within a given region requires estimates of the areal coverage of lakes and the mean C standing stock (kg C m −2 ) for the basins (Kortelainen et al., 2004) . Most estimates of C burial by lakes have relied on values for C accumulation rate derived from a single or very few sites within a geographic area. For example, Dean & Gorham (1998) estimated global C burial by small lakes to be on the order of 70 g C m −2 yr −1 , based on C accumulation rates in three lakes. Stallard (1998) suggested a lower rate of 4.5 g C m −2 yr −1 . The most comprehensive study is that of Kortelainen et al. (2004) , who took advantage of the Nordic Lake Survey database and used C standing stock determinations from 122 lakes (mean burden 19 kg m −2 ) to estimate that Holocene C burial by all Finnish lakes is 1.8 g C m −2 yr −1 . The applicability of these C burial estimates to arctic lakes is not known, but considering the large variability among the estimates to date and the generally lower productivity of arctic lakes relative to boreal and temperate lakes (due to shorter growing season and lower nutrient availability) (Lizotte, 2008) , they may be inappropriate. Thus, better regional/local estimates of C burial are needed to increase our understanding of the role of lakes in regional C budgets (Kling et al., 1991; Cole et al., 2007) .
Arctic soils represent a considerable component of the global terrestrial C storage (Hobbie et al., 2000) , with a substantial component of the C pool locked-up by permafrost and essentially removed from the contemporary C cycle. The threat of increased mineralization of this C pool due to rising temperatures is consid-ered to be an important aspect of future change at high latitudes (Oechel & Billings, 1992; Mack et al., 2004) . The C content of arctic soils, however, varies with dominant vegetation types. The highest soil C content is associated with wet sedge tundra whereas dwarf shrub tundra soils contain considerably less (Oechel & Billings, 1992) . Much of the arctic is quite dry (and predicted to get drier), which also provides constraints on primary production and terrestrial C accumulation (Kane et al., 1992) . In this context, in lake-rich arctic landscapes, the aquatic component of C burial may be a substantial long-term sink. Glaciated landscapes often have a very high density of lakes, and Oechel & Billings (1992) have estimated that C in arctic soils has a turnover time of ~500 years, which contrasts to the effective long-term burial of C by lakes spanning thousands of years (Cole et al., 2007) . Some of the soil-C is released from terrestrial systems as dissolved organic carbon (DOC) and subsequently transported to streams and lakes where it is transformed and processed by microbial activity (Kling et al., 1991; Sobek et al., 2003) . A portion of this C-pool is released via respiration, but some may be retained and stored in sediments. Moreover, productivity of arctic lakes is predicted to increase as a function of a longer growing season, and potentially via nutrient stimulation, so future C storage may be higher.
Here we report mean Holocene C standing stock and C accumulation rates for 11 lakes in SW Greenland.
These measured values are then used to estimate the C pool in small lakes (<100 ha) in the Kangerlussuaq region. These calculations represent the first estimates of C burial by aquatic systems in a dry, dwarf shrub tundra-dominated landscape and provide some initial constraints on the magnitude of aquatic C burial in arctic landscapes.
Methods

Study area
Kangerlussuaq (Søndre Strømfjord in Danish; 67°N, 55°W; Figure 1 ), a long glacial valley draining the Greenland ice sheet, is a glacially-scoured landscape with a high density lakes of varied size. The region is the largest ice-free area in West Greenland, with a maximum width of ~~170 km. The geology is predominantly granodioritic gneiss. The climate is low arctic continental, with mean annual temperature of -6.0 °C and low annual precipitation (~150 mm yr −1 ) near the inland head of the fjord. At the coast, the annual temperature range is reduced, and precipitation can exceed 500 mm yr −1 . The inland area has high rates of evaporation in the summer despite an August precipitation maximum (Hasholt & Søgaard, 1978) . The resultant negative hydrological balance produces a number of athalassic oligosaline lakes and the absence of extensive vegetation and organic soil development on SW facing slopes, where moisture stress is high. Where moisture supply is adequate, the dominant vegetation is dwarf shrub tundra, with Betula nana, Salix spp., Rhododendron and Ledum sp. as important components. Towards the coast, Ericaceae are relatively more important. Soils have mean C content of 8 ± 7% and have maximum depths of <50 cm, except in low relief and wetter areas (e.g. valley floors and around the outflows to lakes). Permafrost is extensive and extends below a depth of ~30 cm (R. Bindler et al., unpublished results).
The Kangerlussuaq region, defined in this study as the area between 66 and 68°N ( Figure 1 ) and from 49 to 54°W (i.e. the ice sheet margin to the coast) contains 19 813 lakes covering a total area of 318 506 ha. Lakes range from small ponds of ~1 ha to large fjord systems with areas >1000 ha, although the majority of lakes (80%) are smaller than 10 ha, and these represent ~10% of the total lake area. Lake water chemistry is Na-Mg CO 3 -dominated, with variable ionic concentration, ranging from oligosaline (conductivities of 2500-4000 μS cm −1 ), to dilute (conductivity <25 μS cm −1 ) (Anderson et al., 2001) . Lake DOC concentrations range from <10 mg L −1 in the lakes at the coast and near the ice margin to ~100 mg C L −1 in the meromictic, oligosaline lakes (Anderson & Stedmon, 2007) (Table 1 ). There are no estimates of lake productivity, but nutrient concentrations are low in most lakes, with highest values in the oligosaline lakes.
Analytical methods
The cores used here to calculate organic carbon accumulation rates (OC AR) were taken originally as part of other projects, primarily paleoclimate studies, but also for reconstruction of past lake biological structure and ecosystem functioning, and long-term Hg deposition (McGowan et al., 2003; Anderson & Leng, 2004; Lindeberg et al., 2006; Anderson et al., 2008) . Cores were taken from the deepest part of each lake basin using a Russian peat corer, while surface sediments were obtained using either a Hon-Kajak corer or freeze core (see McGowan et al., 2003 for details) . Dating control is provided by 14 C AMS dates on either bulk organic content or terrestrial macrofossils. Cores were sectioned at 0.5 or 1-cm intervals. Organic matter content was determined using loss-on-ignition (LOI) at 550 °C for 2 h or C content was measured by an elemental analyzer. Organic content determined by LOI was converted to C content using a correction factor of 0.469 (Dean, 1974) . Where percent dry weight was not measured directly, it was estimated using relationships determined from other sites. Inorganic C burial is ignored in our calculations, as only two oligosaline lakes have measurable inorganic C. Data from two lakes (NAUJG and SFL) studied by Willemse & Tornqvist (1999) also are included here (data are available from the NOAA data repository).
Sediment bulk density was calculated using standard relationships and corrected for C content to derive total C standing stock, as kg C m -2 . Radiocarbon chronologies were used to convert C content (g C cm -3 ) to C AR (g C m -2 yr -1 ). C standing stock (kg C m -2 ) was estimated for two time periods, the early Holocene from ~8000 to 4500 calibrated years before present (cal yr bp), when temperatures were warmer than at present (DahlJensen et al., 1998) , and for the neoglacial, 4500 cal yr bp to present, an interval of regional cooling (Kaufman et al., 2004) .
Sediment focusing was not addressed systematically in this study for logistic reasons. Errors associated with depositional differences within a single lake basin (SS16) fall within the range of measured C accumulation among the 11 basins ( Figure 2 ) but sediment accumulation was not uniform in space or time (see Table 2 ). It is a major problem for regional upscaling and the extent to which it will contribute to the error associated with estimating regional C stock is unknown (see "Discussion"). 
Regional C-burial estimates
The total number of lakes in the study area was estimated using ArcInfo, and lake outlines (shape files) were derived from the KMS 1 : 250 000 map coverage of the area (sheets: 66 V1, V2 and 67 V1, V2). Lakes with area <1 ha were discarded due to possible errors in determining the areas of small water bodies at this scale. The total lake area was combined with the calculated C stock defined above to give an estimate of the regional lake C pool.
The part of the study area presently vegetated is 12,280 km 2 , about 53% of the nonlake land area (23,169 km 2 ) and was estimated using an unsupervised NDVI algorithm classification of a Landsat image. To estimate terrestrial C pools, a mean C content for dwarf shrub tundra soils (6.7 kg C m −2 ) was taken from published estimates (Elberling et al., 2004; Jensen et al., 2006) and assumes a mean soil depth of 60 cm (see "Discussion"), which is probably an overly generous estimate given the thin soils in much of the study area (Böcher, 1949) .
Results
Lake ages range from ~10 000 cal yr bp near the coast (SS49) to ~5500 cal yr bp for the two lakes located on a nunatak within the Greenland ice sheet near its western margin (66°N 49°W). The ages largely reflect the known deglaciation history for this area (van Tatentove et al., 1996) , although there is some local variability (compare SS2 and SS85, located <5 km apart) ( Figure 1 ; Table 2 ).
The total C-standing stock contained in the entire sediment column of individual lakes ranged from 28 to 71 kg m −2 , excluding the two nunatak sites, which were substantially lower (~9 kg C m −2 ). Calculated standing stock for the hypsithermal period (8000-4500 cal yr bp) ranged from 10.8 kg C m −2 at lake SS2 to 30.4 kg C m −2 at SS16, both freshwater systems ( Table 2 ). The neoglacial period (last 4500 years) values ranged from 15.6 kg C m −2 at SS2 to 52 kg C m −2 at SS1371, an oligsaline lake with an anoxic hypolimnion. The total C standing stock for lakes <100 ha in the Søndre Strømfjord area is ~4.9 × 10 13 g C (Table 3) . Applying the estimated mean Table 2 . Carbon inventories for whole cores (from core base) and selected time periods the hypsithermal (prior to 4500 cal yr bp) and the neoglacial (post 4500 cal yr bp)
Total inventory
Inventory Inventory Mean AR Inventory Mean AR Basal date 8-0 k yr 8-4.5 k yr 8-4.5 k yr 4.5-0 k yr 4.5-0 k yr Lake (Cal yr bp) stock of 42 kg m −2 to all lakes in the Søndre Strømfjord region provides a total lake sediment C standing stock of 13.4 × 10 13 g C. This burden (42 kg C m −2 ) is, however, probably inappropriate for large lakes (it is well known that C-burial is reduced in large lakes) and so reduced burdens (20 and 10 kg C m −2 ) were used for lakes >100 and >1000 ha respectively. Applying these reduced burdens to the larger lakes gives an estimated regional C stock for all lakes of 8.22 × 10 13 g C (Table 3) . Applying the maximum and minimum estimates of standing stock (excluding the nunatak lakes) to those lakes <100 ha, the range of regional Holocene C burial was estimated as 3.26-7.8 × 10 13 g C (Table 2 ; see "Discussion"). The estimated terrestrial soil C content for the region is 8.23 × 10 13 g C (Table 3) . The total standing stock within an individual lake equates to an average OC AR for the hypsithermal (~3500 years) of 5 g C m −2 yr −1 (range: 3-8.7 g C m −2 yr −1 ) ( Table 2) . Mean C accumulation rates for the neoglacial were 3.5-11.6 g C m −2 yr −1 for all sites except the nunatak lakes, which were substantially lower (~1.5 g C m −2 yr −1 ).
Discussion
The mean C standing stock estimated for the SW Greenland lakes is 42 kg C m −2 (range ~28-71 kg C m −2 ; Table 2 ) compared with 19 kg C m −2 for all Finnish lakes (Kortelainen et al., 2004) . However, the average standing stock for small Finnish lakes (<1 km 2 ) is similar to that observed here. The total lake sediment C pool for the Kangerlussuaq region (Figure 1 ) (which is ~6.8% of the area of Finland) was estimated to be ~0.082 Pg C. Finnish lakes contain ~0.60 Pg C in a lake area of 34 000 km 2 (Kortelainen et al., 2004) . In the Finnish study, small lakes (defined as <1000 ha) buried two-thirds of the C store of all Finnish lakes although they represent only one-third of the lake area. Similarly, small lakes (<1000 ha) dominate the total lake area in SW Greenland (Table 3 ). The C burden calculated in this study (42 kg C m −2 ) is probably only applicable to lakes <100 ha (the area of the largest lake studied is 73 ha; Table 1), and this value is unlikely to be appropriate for extrapolation to larger lakes (>100 ha) or to the very large fjord systems, which commonly exceed 1000 ha. C preservation and burial are inversely related to lake depth, and the large deep lakes in the Kangerlussuaq area are probably accumulating only small amounts of organic sediment, because of considerable mineralization of the C fixed in the epilimnion within the deep, oxygenated water columns (Kalff, 2002; Cotner et al., 2004) .
The degree of error in upscaling the mean C stock derived from 10 lakes to ~19 000 (Table 3) is considerable; Kortelainen et al. (2004) measured C burial in 122 lakes and extrapolated this to 56 000 lakes in Finland. The approach taken in Finland was not possible logistically in SW Greenland. Excluding the problems of estimating C in the large lakes (>1000 ha), the similarity of the standing stock estimates at the mainland lakes (range 28-71 kg C m −2 ), suggests use of a mean value of 42 kg C m −2 is acceptable.
The average C burial by SW Greenland lakes over the last 8000 years is ~5 g C m −2 yr −1 , which is low when compared to eutrophic impoundments (Downing et al., 2008) but higher than that reported by Kortelainen et al. (2004) . Clearly, the OC AR used by Dean & Gorham (1998) are inappropriate for arctic lakes. The higher rate derived from the Minnesota lakes likely reflect the higher productivity in this temperate midcontinental location, as well as more pronounced sed- Table 3 . Total number of lakes in the study area (Figure 1 ) for given lake area ranges, cumulative lake areas and estimated regional annual C burden assuming a mean C burial of 42 kg C m −2 lake area C burial on land is also given and assumes a mean C soil content of 6.7 kgm -2 (see Jensen et al., 2006) . * A burden of 20 kgCm -2 was used to estimate total C burden for this lake size. † A burden of 10Ckg -2 was used to estimate total C burden for this lake size (see main text).
iment focusing. The value proposed by Stallard (1998) (4.5 g C m −2 yr −1 ) is close to that estimated here (Table  2) . For comparison, the average C accumulation rate for tundra is 1.2 g C m −2 yr −1 (Schlesinger, 1997) . However, the variability of soil C accumulation rate varies considerably with vegetation type (Oechel & Billings, 1992) . For example, the average C accumulation rate for wet coastal tundra soils is estimated to be 27 g C m −2 yr −1 (Oechel & Billings, 1992) , considerably higher than the soil C accumulation rates on Disko Island (3.1-6.7 g C m −2 yr −1 ) reported by Jensen et al. (2006) and used here (Table 3 ). The C stock (and mean accumulation rates) at the two nunatak lakes are substantially lower than the majority of other lakes in this study ( Table 2 ). The lower cumulative Holocene totals reflect their age; they are 2000-3000 years younger than lakes further west. However, the burdens for the neoglacial are also lower ( Table 2 ). The location is substantially cooler than the inland sites (their average epilimnetic lakewater temperature is ~8 °C compared with 14 °C for the mainland sites (see Kettle et al., 2004 ) and consistently windier due to katabatic winds flowing off the ice sheet. However, the two lakes are also different limnologically from one another, providing an interesting perspective of the role of limnology on C preservation. SS32 has an outflow, is larger and is isothermal (Table 1) . SS86 has no outflow, is more chemically concentrated and is strongly stratified. Despite these limnological differences, the C standing stock is very similar (Table 2) . Thus, the lower C burdens may reflect lower initial productivity due to lower average water temperatures. Among all lakes, however, long-term climate change does not appear to have a pronounced effect on C burial based on a comparison of hypsithermal and neoglacial values ( Table 2 ). The Greenland ice core record (Dahl-Jensen et al., 1998) suggests a 2 °C difference between these two intervals. Oechel et al. (1997) reported a near fivefold reduction in C accumulation rates (6.7-1.2 g C m −2 yr −1 ) in a wet-sedge tundra soil at Prudhoe Bay, Alaska after 5000 cal yr bp. On Disko Island (W. Greenland), Jensen et al. (2006) also found that C accumulation in soils was higher in the early Holocene and declined from 10 000 to 7000 cal yr bp (from 6.7 to 3.1 g C m −2 yr −1 ).
Errors in estimating C standing stock
C content of lake sediments is a reflection of a number of factors: initial in-lake primary productivity, external inputs, dilution by a minerogenic inputs, postdepositional mineralization, within-basin sedimentation processes, and wash-out (loss). Moreover, sediment (and organic matter) accumulation in lakes is spatially heterogeneous (Rippey et al., 2008) . The extended periods of ice cover and the rapid on set of thermal stratification immediately after ice out in arctic lakes suggests that resuspension may not be as prevalent as in temperate lakes. The effects of ice scouring in the littoral zone are, however, not known.
Sediment focusing was not addressed in a systematic way in this study, largely for logistic reasons and is rarely undertaken in studies of sediment accumulation over Holocene timescales. At SS16, multiple cores were taken, however, and analysis of three full core profiles from this basin (Table 2; Figure 2 ) suggests that sediment focusing of material from shallow into deep water is responsible for the high C standing stock before 4500 cal yr bp, estimated based on a central lake core. After this date, the degree of sediment focusing diminished as indicated by the more similar standing stock estimates for the neoglacial period (~35 kg C m −2 for all three cores) ( Table 2 ). The main basin at SS16 is presently ~13 m deep, but is relatively small and likely trapped sediment more effectively in the early Holocene when it was ca. 2 m deeper. A multicore study of recent (last 100-years) sediment accumulation at SS16 (based on 210 Pb-dated short cores) indicated minimal sediment focusing over the last 100 years (N. J. Anderson, unpublished results) . Despite the observed temporal variability, the differences in C accumulation calculated from the three SS16 cores are comparable to the range observed at the other 11 lakes in this study (Figure 2 ). Sediment focusing will, however, contribute to the error in the regional C burial estimates.
Postdeposition mineralization is presumably quite slow in arctic lake sediments because of the low temperatures and anoxic porewaters (Sand-Jensen et al., 1999) . Five of the lakes where C stock was calculated have anoxic hypolimnia today (Table 1) , which presumably reduces mineralization during settling and at the sediment-water interface. Although the role of anoxia in organic C preservation is assumed to be important, this need not be the case (Meyers, 1994) . The lakes used in this study include a range of lake types, from meromictic systems (permanently stratified with anoxic hypolimnia, e.g. SS4, SS1371), through shallow oxygenated holomictic lakes (SS49) to dimictic lakes that today are anoxic both in the summer and winter (e.g. SS16). The extent to which these stratification patterns have changed over time is not known. At one site (SS4), however, the pigment record of okenone (associated with purple sulphur bacteria, which are anaerobes) is not continuous throughout the Holocene, which suggests that stratification history has been variable . The role of anoxia is difficult to assess and may not be very significant given the similarity of C stock across all lakes (Table 2 ). For example, at SS4, the chemocline today is still quite deep (15 m), which allows C mineralization in the water column, whereas at SS1371, anoxia starts at 5 m, which reduces the extent of mineralization during particle settling. Similarly, the C burdens are quite similar for lakes with different developmental histories, including lakes that have undergone evaporative concentration (due to changing local precipitation balances), as well as lakes that have remained fresh and become more oligotrophic through time McGowan et al., 2008) ).
C sources
The amount of allochthonous C input to Greenland lakes is not known, but several factors suggest that the C being buried is mainly generated within the lake. Although the Søndre Strømfjord lakes have high DOC concentration, DOC is assumed to be primarily autochthonous and concentrated via evaporative concentration (Anderson & Stedmon, 2007) . A predominantly autochthonous source (i.e. algae) for organic C in the lakes is suggested by the consistently low C/N ratio (~10; N. J. Anderson, unpublished results) (Meyers, 1994) and by the limited hydrologic linkage between the regional lakes and their catchments (Anderson & Stedmon, 2007) . The hydrological balance of the lakes along Søn-dre Strømfjord is largely dependent on winter snow fall and the resultant late spring surface runoff, which occurs while the ground is still frozen. In addition, in inland regions evaporation exceeds precipitation during summer months, and therefore summer runoff is limited (Hasholt & Søgaard, 1978) . Finally, the lack of inflow streams limits transport of organic debris into the lakes, as evidenced by the absence of visible terrestrial macrofossils in the lake sediments. This dominance of autochthonous C in these arctic lakes contrast with boreal systems, which commonly have a high external DOC supply from the catchment (Sobek et al., 2003; Algesten et al., 2004) . Ouflow losses of C are probably quite low at many lakes in SW Greenland, because of the low precipitation and runoff. In the closed-basin, oligosaline lakes, C is either buried or lost to the atmosphere as CO 2 . The retention time of the freshwater lakes, although not known specifically, is likely very long, because the outflows at most lakes do not flow during the summer (N. J. Anderson, field observations), thus outflow loss of C is minimal. Jensen et al. (2006) estimated soil standing stocks (to a depth of 60 cm) on Disko Island (some 300 km further north than Søndre Strømfjord) to be 2.6±0.7 kg C m −2 for well-drained Cassiope-dominated heath and 8.4±2.4 kg C m −2 for wetter Salix-Betula dominated heaths, with a mean total OC burden of 6.7 kg C m −2 . These values are similar to those reported for sites from eastern Greenland and Svalbard (Elberling et al., 2004; Elberling, 2007) (6.4-10 .5 kg C m −2 ) but less than those quoted for 'tundra' (21.6 kg C m −2 ; Schlesinger, 1997) . Given the moisture stress on south facing slopes in SW Greenland, where vegetation is very sparse and limited to Dryas-cushion plant communities with a low C content (1.7 kg m −2 ; cf. Bliss & Matveyeva, 1992) , it is reasonable to conclude that only the wetter parts of the landscape (interfluves, lake outflow seepage areas) will have a total C content in excess of 10 kg C m −2 (e.g. Salix snow beds: 21 kg C m −2 ; Elberling et al., 2004) .
Comparisons with the terrestrial C stocks
These values for total arctic soil C content (Oechel & Billings, 1992; Hobbie et al., 2000) are all considerably less than that the standing stock reported here for lakes and underscore their importance for long-term C burial (Stallard, 1998; Cole et al., 2007) . Using an average total tundra soil content of 6.7 kg m −2 (Jensen et al., 2006) , the estimated total terrestrial soil C burden in the Søn-dre Strømfjord region is 8.23 × 10 13 g C (Table 3 ). The implication is that the C content of the Søndre Strøm-fjord lakes is comparable to that buried on land but in only ~14% of the land area. Small lakes, i.e. <100 ha, numerically the most important in the Søndre Strømfjord region, contain ~5 × 10 13 g C in about 5% of the land area. These results confirm the importance of lakes in regional C balances highlighted by Kortelainen et al. (2004) where lakes were second only to peatlands in their ability to store C.
Conclusion
Future global change processes may impact the large C-pools in arctic soils (Oechel & Billings, 1992) with associated implications for both regional and global climate (Chapin et al., 2000) . Lakes have tended to be ignored in regional C-models (Chapin et al., 2000) despite clear evidence that they can be net sources of CO 2 to the atmosphere (Kling et al., 1991 (Kling et al., , 1992 Sobek et al., 2005; Cole et al., 2007) Moreover, although plant biomass may increase with higher air temperatures and nutrient levels associated with microbial activity, there is growing evidence for soil C loss due to increased mineralization of soil C by bacterial activity at the same time as the landscape 'greens' (Mack et al., 2004) . As the soil C pool declines with accelerated global warming and greater mineralization of soil C, the importance of the lake sediment component, which is essentially permanent may increase. When the long-term burial of C by lakes is coupled with their ability to respire terrestrially derived DOC in the water column, their importance for C-cy-cling in the arctic is unambiguous. There is a clear need for regional landscape scale C-balances and the results of this study suggest lakes need to be incorporated more fully into these estimates (Kortelainen et al., 2004; Cole et al., 2007; Prairie, 2008) .
